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Functional Recovery in Aged and Young Rats After 

Embolic Stroke 
Treatment With a Phosphodiesterase Type 5 Inhibitor 

U Zhang* MD; Rui Lan Zhang, MD; Ying Wang, MD; Chunling Zhang, BS; 
Zheng Gang Zhang, MD, PhD; He Meng, MD. PhD; Michael Chopp, PhD 

Background and Piappsc—Adtoumd age is associated with a decrease in brain plnstf city compared with the young adult. 
Sildenafil* a phosphotUesteraSe type 5 (f OE5) Inhibitor promoted brain pliiHtxeity and improves functional outcome after 
stroke in Uie young animal. Here* we test the hypothesis thaL sildenafil provides restorative therapeutic benefit to the 
aged animal. 

Methods— Male Wistar ruts (afced. 18-rnonih old: youn*. 3-tdonth old) wens subjected to embolic stroke. Saline or 
sildenafil wjw administered daily at a dose of 2 nig/kg orally or ID mg/kg subeotaneoiisry for 7 consecutive days sinning 
24 hour after stroke onset 

Results— Aged rats exhibited significant impairment of functional recovery and reduction* of vascular density, and 
endothelial cell proliferation compared with young rats. Aged rats treated with sildenafil at a dose of 10 mg/kg but not 
2 mg/kg, sliowed significant improvements of functional recovery and concomitant Increases in cortical cyclic 
guanosine 3',S'-cyc1ta monophosphate (cCMP) level, vascular density, endothelial cell proliferation, and synaplogcn- 
eftis compared with aged rats treated with saline Tn young ruls t trcuuncni with sildenafil at a dose of 2 or 10 mg/kg 
significantly enhanced functional recovery and amplified brain plasticity compared with young rant treated with saline. 

Conclusion — Age Is associated with reduction of anglogenesls, and poor neurological functional recovery after stroke. 
However, treatment of aged stroke rats with sildenafil improves functional recovery that is likely fostered by 
enhancement of ongiogcucsis and synaptDgcuesis. [Strokt. 26TC;3fefi47-ti5Z,) 
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Phosphodiesterase type 5 (PDE 5) ens^ymc is highly 
specific for hydrolysis of cOMP and regulates cOMP 
signaling.'* Administration of on NO donor elevates cerebral 
cCMP level, and improves neurological functional recovery 
in young rats after stroke, 3 In normal rats, administration of 
sildenafil, an Inhibitor of PDE 5 elevates cortical cGMP 
level 41 Tmanncnt of stroke with sildenafil improves neuro- 
logical functional recovery In young tats* 

Aged rats exhibit n decrease in the basal bmln levels of 
cOMl* which may have lmpormnt functional implications 
such as, for loaning and memory,* Thus, toe efficacy of 
sildenafil treatment of stroke In the aged animal may signif- 
icantly decline with aging* which may have Important clinical 
implications for stroke treatment because stroke is a major 
cause of death and disability In the elderly. 0 Accordingly* in 
the present Study, we test the hypothesis that treatment of 
stroke wlm sildenafil improves neurological functional recov- 
ery in aged rot* after stroke. 



Materials and Methods 

Mote Wlsnor rats ut ages of H to 12 week* CCWIes Rrvcr Breeding 
Co. Wllmintum. Mass) and IS month* (Harlan Wuikebuum 
CM0H. Germany) ware classified as young, and ogct). ten pec livery. 
Kits worn Individually housed in tfumkrd Ptodgla* kburulury eatfe* 
(35Dx35nx3C0 mm) witiua a Jorge wcN-veaUittted room with a 
constant tempera rum of 23*C wlto a 12-hour light/dark ovale, and 
fa* access to food and wuicr. Sildenafil (Viagra* Wiser Inn) Is a 
weak basic compound, which has a hotMlfc of 0.4 hour In male ratsj 

Animal Model 

The MCA was occluded by piecemeal of an embotoa ut (he orlajq of 
the MCA* at prevtuusly described/ All taperlnterital pmecdurc* 
were upnroved by the lasdnitianal Animal Cane and Urtc Committer* 

Experimental Protocol 

To examine the effect of aihJeoafli an aged raw. sUdcnafll was 
adndalstEted ui a done of 2 mfl/kg (n«IO) orally CFO) or 10 ins/ty 
fo<-»8) wbcuuaiBoualy (SO) to rats 2A hours after MCA occluihm 
and daily for an additional 6 days. Aged stroke ruts (n«15) were 
treated with the some volume of satinc as me control groan. To 
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TABLE 1* Mortafltv Ftato and Infarct Volume 
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VaJuea ore meonz&L 

*/*<D,Q5 w respective young groups. 

examine the ctTca of idldewull on young rat*, sildenafil was 
administered at a dose of 2 mg/kg (n"10, PC) or tu u dose of ID 
mg/kg (tt"l3, SQJ to mm 24 hour after MCA occlusion and dully tar 
an eddiueuui 6 day*, Yuuag stroke ml* (o"12) mated with the aamc 
volume of saline SQ were lifted an the control group, the oral d using 
protocol of 3 mgflcg was previously used the young rat*.' 

Plasma Concentration of Sildenafil 
Blood was sampled from yotmg rati at 1 hour after 2»m|j/Jtg (n*"3» 
K2) and lD-oifi/kg (o»4, SQ) dose* c* sildenafil on days I ♦ d and 7 
of treatment. Sildenafil plasma concentration analysis wus carried 
out by Piter Global Keaeareb end Dcvdopmcnt. 

Dromodcoxy uridine Labeling 

Bromodeaxyurldine (BrdU) wus used for mitotic labeling. Animal* 
received tauupcriUmcaJ lajceuona of Until (100 wg/kg« Sigma) 
twice a day starting at 2d hour alter stroke and aub^cijocajlly for 7 
consecutive days. 

Functional Outcome 

Atl functional outcome tests wore performed by observers bUnded to 
the Uraumcnl* pte-ischonk. uud at 1* 7. 14. 21. and 30 days after 
onset of MCA occlusion. 

Neurological Severity Score 

Neurological Severity Score CNSS) is u eomponitD or mo tor. sensory, 
reflex* and balance tests.* Neurological function was graded uo a 
sealc of 0 to 18 (umtuttJ score. 0: ousted deficit score. 1H). 

Adhesive Removal Test 

An adhesive removal test was used to measure souwtoacnawy 
deficits. 111 the maun time required to remove both sdmuil from limb* 
was recorded. 

TABLE 2. fteUrotoglcnJ ftrnctional Terta 



Foot-Fault Test 

Rats were tested for placement dysluncdons of foretimh* with the 
toodiUcil footfault toju M the lotul number of steps [movement of 
each fondimb) that the rat used to cross the grid and the total 
numbers of fool faults far each fatellmb were recorded. 

Comer Test 

Ruts were tested far vlbrlssae sensory, postural, and motor asyutmo 
tries with the corner test." The number of Ipsllateral (right) turns was 
recorded Jrom 10 trial* for each test. 

Histopathologic Studies* 

At 30 days after MCA occlusion, each rat was tnusomliully 
perfused with heparin Ixcd saline followed by <t% paraforuuiujcbydc, 
Urulns were removed and fixed In 4% pnrafotnwklebyde, Ituurci 
volume was measured on 7 hematoxylin and eosln (H&£) sudnrd 
curotud srcUuus using a Olabal Uborsmry Image analysis projuiuu 
(Data TmuslutiDiO. us previously described." 

Immunohlstochcmistry and Quantification 

For mombolugieal analysis of vessels, a roonoelonnt antibody (mAb) 
against vWP CDAKO. Ctontrup. Doanark) was used at a titer of 
lidGO. For measurement of eerehml vascular density, 2 WVP 
Immunostaincd coronal sections (6 unO at bregtua «0Jtt and nUJ mm 
were digitized using a 2Qx objective vin me MlrttjCumpuu^lttUigiittt 
Device system. The numbers of vessels were counted Utrouuhout the 
ischemic boundary area. The tend number of vowels was divided by 
the total boundary ureu to determine vascular density. 

fttr Brdtf wu^unusudniog. u mAb ngumst Brdtf (fcochrlnger 
MarmhclnO was used at a titer of 1:1000, To quantify fcrdU 
Imnranereaetlve endothelial cells, numbers of endodndiid cells and 
numbers of BtdU tmrromorcactive endothelial celts in 10 enlarged 
vessels tuUttcem in the Ischemic lesion and to vessels of the 
contraklerui uutstoUfgaus ureu were counted mam each rat. ttata are 
presented as a percentage of Bnltf muuutuireacuve endothelial cells 
to total endothelial colts In 10 enlarged vessels from each tut. 

Tu detect presynaptic plasticity and irynajKogenesJk a mAb 
uuusynuptophysiu (Bcchrtrigcr Mannheim) was used at a titer of 
ltf00,D For quantification of synopmuhysin Immuuorcactivttyt 2 
immunostatrted coronal sections Cbregma -02. and <ZM mm) and 8 
field* of view from the ischemic boundary aiea and the comialaterat 
homologous area In each section were digitized under u 20* 
objective. The sytutpuiphysin Immunorcactlvc area was measured. 
XHiUi ate presented US a pctcenwge compared with the contralateral 
liomotogoui region on the same section, 

cGMP Measurement In Brain Tissue 
Mate Wlmr ruts at ages of 8 to 12 weeks Cu-B) uud 15 months 
in "4: Charles Wvcr Breeding Co* Wilmington. Mass) were used to 
examine die effects of age and sildenafil on brain cCMP levels ut 7 
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days ate fltmkc* mirpccdvcty. The trilateral hcml/iphcrc cortical 
tlwiuc wat rapidly renwved and dissected* Levels or cCMP were 
measured with the use of a etmumaciaUy avoilublc luw-pll hnmu. 
nnassuy kit (WftD System* hie) ace anil p£ to the mamd^cmtcr'K 
Instruction. 

Stenotic* 

TVo-wuy unulysi* of vuttmcc (ANOVA) was used w lew ovcrou" 
treatment and age effect* of ordinal data between groan*. Logistic 
regress] en analysis was nicd to test the mortality rate among die 
groups, AU value* are prevented as mean x SE. SiaUiUad stgnlfl- 
canee wus set «t /*<C1,CI5. 

Results 

Mortality 

A significant increase af rriDruuiiy rate (P<0,05) was dc* 
letted in aged rats compared with young nus after satinc 
treatment (Table 1). Kats died between 2 and 24 days niter 
stroke onset* No animals died during or immediately after 
induction of cerebral ischemia, or immediately oiler drug 
administration, fcats that died were excluded from further 
evaluation. 

Legion Volume 

There was no signUlcant difference of Infarct volume among 
the groups (Table 1). 

Neurological Functional Outcome 

Alter saline ireatment. aged mis exhibited a sigroficandy 
greater impairment of neurological function measured by 
NSSm-1 day»umlby the ndheHive removal tea ail 4. 21. and 
30 days alter stroke compared with young rats. However, no 
significant difference of the foot-fault test score and earner 
Ickl wore was delected among saline treated aged and young 
rats niter stroke CTablc 2). itt aged rats, treatment with 
sildenafil at a dose of 10 mg/kg SQ» but not 2 mg/kg PO, 
significantly C/ 3 <0.05) improved performance on NSS and 
adhesive removal tcHl computed with the saline treated rats 
CTablc 2), However* no significant difference of the fooufoult 
test score and comer test score was detected among aged 
groups (Tubic 2% In young nan, treatment with sildenafil ut n 
done of 2 mg/kg PQ and 1 0 mg/kg SQ doniflcamly (P<ao5) 
improved performance on NSS. adhesive removal test foot- 
mult rest, and comer leta compared with the saline treated rats 
(Table 2). 



TABLE 3. Sildenafil Plasma CDncomralJorfci 
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Values are tow plasma canccnlraCona In no/ml, and am prosmtiod t» 
rrumn±s£. stlaepmH wnanmnlpn boiow tlmlt of doiactlw (03 no/mO In 
"samples, and In tu&rnpto. 

Sildenafil Pkunut Concentration* 
Free plasma concentrations of sildenafil in young rata at 1 
hour after dosing on days 1. 4 and 7 were between 0.7 and 4. 1 
ng/mL with 2 mg/kg PQ treatment, and between 33.4 to 1 0CW 
ng/mL with 10 mg/kg SQ treat menu respectively (Tuble 3). 

EiTectn nf Sildenafil on Vascular Density and 
Endothelial Proliferation 

After Stroke, the saline treated aged rats exhibited signifi- 
cantly lower vessel density and less endothelial proliferation 
within the Ipsilatenii hemisphere compared with saline 
treated young rats rjRgurc I). Treatment with sildenafil tit a 
dose of 10 mg/kg SQ significantly [P<0£)5) increased the 
vessel density and endothelial proliferation within the rpsitoi* 
era! hemisphere in both aged and young mis compared with 
their respective saline treated rats, [figure I). 

EHecfcj uf Sildenafil on Synnptopnyflin 
After Ktroke, no significant difference of the synaptophysln 
immunoreuctiviiy ww detected among saline treated aged 
and young rots, Treatment with sildenafil at a dose of 10 
mg/kg SQ trignificantly (P<0JQS) Increased the r^erccntage of 
syrmrapphyMin immunorcactivc area in aged and young rats 
compared with their respective controls (Figure 2). 

Effect* of Sndenafil on Cortical cGMP Lcvd 
Saline treated aged nits exhibited a slgnlflcaoUy C/*<u\0S) 
lower levd of cortical cGMP compared with saline treated 
young rats at 7 days after MCA occlusion, Treatment with 
sildenafil 10 mg/kg SQ signlftcantly CP<0,05) increased the 
cortical cOMP level by 3D9& in ngcdmts. and in young 
rats compared with saline treated aged and young rats, 
respectively (Figure 3\ 

Discussion 

The present study demonstrates that aged rats exhibited 
impairment of Functional recovery and aagbgencsis after 
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3fl,4=U 25,1X1,2 1BJX1.4- 111 ±1,4* 83=0.7* 0.0=03 11,1=03 0,7=0.2 5.0x03* 5.4=02* 



3*6X1.6 31 ±17 26,3X1,5 21,5x1.5 19±1.7 9.9±0,1 3.4=0.4 8,1=03 fl.0=0.fl 0^=03 
3a4=lJi 30J=1J 25.1=1.7 1B.7SU 1041=1.0 O0=0.4 BJ=0/t 7.4x02 6.4±0^ 6.1 ±01 
37J±13 2C3r1.9 22X1.6 ia\BXU 14±1.4 09x01 B^X0.4 7.3x0,4 8,1=0 J 5.0=03 



PAGE 24tt6 4 RCVD AT »16/2005 10:40:39 AM [Eastern DayOght Time] * SVRiUSPTO-EFXRF-6/0 * DNIS:872d3D6 * CSID:1 248 539 5055 * DURATION (mm«s):18-56 



SEP-16-E005(FRI) 10:32 KOHN & ASSOCIATES PLLC 



(FAX)l Ed8 539 5055 



P. 025/056 



850 Stroke April 2005 







III! 




IS® 




KSit 




Be* 


• P» . v' t * T *t f ' i** % '. 

■ *" 12 r-y "^5 t ■ 


ii 

161 


ten 




IB 






Figure 1. Vascular density mid proliferated cerebral endothelial 
cflltfl* Panels A through D show WVF ImmunoraactMty In the 
techc-mle boundary area of representative young rata (A» 0) and 
a sod (0* 0) treated with mllno end sildenafil flP rng/kg, SO) at 
30 days attar MCA occlusion, rtwpectlvely. Panola EsndF show 
BrdU immurtoreaethM andothetlal colls (arrows] In an enlarged 
tWn-wa[] vassal of roprasentatlvo young and agsd rata treated 
with sildenafil (id mg/kg, SO), Treatment with sfldenaflJ (Id 
mo/kg, SCO ttlcntflear% Increased tho vessel darmfty within Is* 
chemlc boundary area (G) and number* of proliferated endothe- 
lial colb (H), *P<0»05 versus the saline treated respective 
Groups. TP<a03 versus respective young groups. Bar In A 
through ?-$o jum 



embolic stroke and thin treatment with sfldcnrtfll unniovcs 
functional recovery that was associated wtlh enhancement of 
onglogenesls and synaptDgeneste around the ischemic bound* 
ary regions. Thus, aged brain bos the capacity to eohance 
pltisddty in response lo sildenafil treatment. 

Although histological analysis showed that infarct volume 
in the aged rot is comparable with the data obtained from the 
young rat9. a significantly higher mortality rate and more 
severe neurological functional impairments, ie. adhesive re* 
movul icKland NSS, were detected in aged versus young ruts* 





Safe* 



aiaanatttwmgfltg| 



Plgurp z> Synaptopriysln Imtaunoreactrvhy. Panola A through D 
show aynaptophyaln Irnrnunoroocovtry In the Ischemic boundary 
area of rapraaentaoVe young pta (A. B) and aged LC» CO treated 
with saline and sJWenalll fJQ nig/kg, SO) at 30 days after MCA 
ocdualon, respectively. Bar In A through 0-330 jam Treatment 
with sildenafil 00 mgflcg< SO] algnHleantty Increased the per* 
cantage of aynapiopnyBln Immunoreocuve area within tachomlc 
boundary compared Wtth the controls {E), *P<0.05 versus the 
saline treated respective groups* 



Our dum arc tn good agreement with clinical findings and 
previous experimental studies.^ xwe Thus, our data demon- 
Btrate that aging fs an important dctcnnlnant of outcome after 
embolic stroke, Hie different patterns of age associated 
functional outcome measured by NSS and the adhesive 
removal test suggests that these outcome measurement target 
different aspects of functioaal outcome after tnchcmia. Ad* 
hesjve removal test measures sorrwtoKcn.wy dysfunction, 
whereas NSS measures on amalgamation of motor, sensory, 
re f!c*« und balance oulcorae,°> ,n Adhesive removal times in 
saline treaicd aged rats were significantly higher than in 
young rats during U to 30 days alter stroke, whereas a 
significant difference on NSS was only delected at day 1 after 
stroke, suggesting that the adhesive removal test is a mote 
sensitive indicator of aged related runcdonnl Impairments 
after stroke Hie lack of significant differences of functional 
outcome between aged and young rats measured by foot-fault 
test and corner test suggests Ural these two test* arc not 
sufficiently sensitive lo assess age related functional deficits 
after stroke. 
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Rgure 3. Ipstlatera) cert ax eGMP Levels In ogod ond young rats 
tnmtod with sallno and sildenafil (1 Q mg/kg, SO) at 7 days «ttor 
MCA eccJustan. "P-COXS versus the satlnn trcaUad rottpecllve 
groups* tP<0>0S versus respective young groups* 



lutvc been hifilicr in the aged rats (unpublished dam, Kfccr 
Global Keseareh And Pcvdoprnent) wggesitog that phurmu- 
wktoctic differences were not responsible for the tack of 
effect at 2 m$/kg PO. Moreover, udrninisHnriott of sildenafil 
at a dose of 10 mg/kg SQ resulted in a 3Q% increase of 
corticrtl cCMP levels In aged rats at 7 days after stroke, 
whereas a 60% increase was detected in young rats. Collec- 
tively, our data suggest that although limited, the aged brain 
mains the capacity to increase cCMl' level In response to 
sildenafil treatment* and to subsequently enhance angiogen- 
este ami synaptic plasticity. The failure of functional Im- 
provement after low-dose sildenafil treatment (2 mg/Jcg, PO) 
tn uged animal is likely auributcd to die impaired endogenous 
brain plasticity In the aged versus young rats, (flee Figure 1 , 2). 

In summary, present study demonstrates that age is asso- 
ciated with Impairment of anglogcncsiH after stroke. Treat- 
ment with sildenafil Improves neurological functional, and 
enhances brain ntasticily m young and aged ruts after MCA 
occlusion, 



Aging is associated with reduced expression of vascular 
endothelial growth factor (VEGf) and Impairment of onco- 
genesis, which may result in poor functional recovery ate 
stroke, 1 **** The restoration of cerebral dreutation after ungio» 
genesis is important in the ischemic brain for functional 
recovery after a stroke, 10 In the central nervous system* 
NO/cOMl' signaling promotes oncogenesis, neurogenesis, 
Oftonal outgrowth, and synaptic plasticity during development 
and In the adult animate** However; advanced age Is 
ussoriutod with impairment of NO/cCMP pathway, which 
may result in poor brain plasticity.' In the experimental model 
of stroke, adrrrintmrstion of niltlcnuHl tmd nn NO donor, 
DEXANONOate, Increases brain levels of VEOP and ongio. 
genesis in the ischemic brain, suggesting that cOMP contrib- 
utes to NO-lnduced VECF synthesis.* Specific cOMF. 
dependent protein kinase type 1 knockout mice exhibit 
strongly teUuced cerebellar long-term depression of synaptic 
transmission, which suggest that cCMP is involved in cere- 
bellar synaptic plasticity.** Tn the present study, cordesi 
eGMP levd and anglogenesls are slgntncantly reduced in 
aged rats compared with young rats after stroke. Our data 
suggest that the impairment of functional recovery in aged 
rats after Ktroke are presumably because of the reduction of 
angiDgencsis as a consequence of age-related reduction of 
cOMP production, 

Tn the present study, treatment with sildenafil ut n dose of 
10 tag/kg SQ Increased angiogenesis. synaptogenesis, and 
Improved neurological functional recovery In both young and 
aged rats. However, treatment with sildenafil ut a dose of 2 
mg/kg PO significantly Improved functional recovery in 
young rots, but failed to show improvement in aged rats, 
Plasma concentrations of sildenafil were above the level* 
ussocitited with therapeutic efficacy in humans (5 to 15 
ng/mL) for at least 1 hour after dosing with 10 mg/kg SQ in 
young rats, but below these levels alter 3 mg/kg PO even 
though neurological function was also improved by this dose 
of sildenafil, 3 * Although plasma concentrations were not 
measured in aged rols, sildenafil concentrations were likely to 
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